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Photonic Metamaterials
Metamaterial is a manmade media with all sorts of unusual functionalities that can be 
achieved by artificial structuring smaller than the length scale of the external stimulus.
NIZ. Nature Materials 7(6), 420-422 (2008)
twisted 
jute
polarizer analyzer detectorspark mm-
wave source
”In order to imitate the rotation by liquids 
like sugar solutions, I made elements of 
”molecules” of twisted jute, of two 
varieties, one kind being twisted to the 
right (positive) and the other twisted to the 
left (negative)…”
J.Bose. Proc. Royal Soc. of London, 63, 146 
(1898)
1st Metamaterial (J.Bose, 1898)
[artificial electric and magnetic response at 
high frequency]
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Meta-Materials & New Photonic Functionality
Meta-materials with asymmetric transmission 










































































Front View Back View
Wire meander 
(fish scale)
Fedotov, Mladyonov, Pro virnin, Zheludev et al. PRL, 97, 167401 (2006)





































Anisotropic Planar Chiral media
=
Conditions: planar chirality,  anisotropy,  loss
Optoelectronics Research Centre, University of Southampton
Enantiomeric sensitive plasmon resonance
& assymetric transmission
Asymmetric transmission Asymmetric reflection & absorption
Fedotov, Schwanecke, Zheludev t.al Nanoletters 7, 1996 (2007)
Al structure
440x440nm
Optoelectronics Research Centre, University of Southampton
left-tilted FSright-tilted FS
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Relative Asymmetry of Transmission
Enantiomeric Asymmetry
is absent
Enantiomeric sensitive plasmon resonance
& assymetric transmission
Schwanecke, Fedotov, Zh ludev et al.. Nano Lett., 8, 2940 (2008)
Optoelectronics Research Centre, University of Southampton
Eigenstates –
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Meta-Materials & New Photonic Functionality
Tailoring dispersion for “slow light”
Optoelectronics Research Centre, University of Southampton
Electromagnetically Induced Transparency (EIT)










Normal dispersion         






nc += Sharp normal dispersion is required
Optoelectronics Research Centre, University of Southampton
Pulse Delay in EIT-like media
Coupled resonators
Lipsom et al. 06
Vlasov et. al. 07Hau, Harris et.al 99
V~17m/s
Cold atoms
Fan et al 04
PCs
Optoelectronics Research Centre, University of Southampton
(∆1+∆2)2




















(Fleischhauer et al., Rev. Mod. Phys. 77,  2005)
Papasimakis, Fedotov, Pr svirnin, Zheludev. a Xiv.org, 0801.1485v2 (2008); PRL in press
Optoelectronics Research Centre, University of Southampton
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Double fish-scale Sharp normal dispersion
Papasimakis, Fedotov, Zheludev  (2007)
Optoelectronics Research Centre, University of Southampton
Meta-Materials as a Modelling Platform
Optical Ferromagnetism and Diamagnetism
Optoelectronics Research Centre, University of Southampton









weak coupling to free-space
long lifetimes
Phys. Rev. Lett. 99, 147401 (2007)
Optoelectronics Research Centre, University of Southampton










Fedotov, Ros , Prosvirnin, Papasimakis, Zhelud v. PRL 99, 147401 (2007) 
Optoelectronics Research Centre, University of Southampton
Two breeds of meta-materials
Coupling through
Magnetoinductive waves No Coupling
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Meta-material as a molecular system …
Effective “Temperature”
kT = 1/3m <v2>; <v2> ~ <x2>
Papasimakis, Fedotov, Zheludev et.al. arXiv.org, 0809.2361 (2008)
Optoelectronics Research Centre, University of Southampton
Order-disorder transition in metamaterials
(experiment)
Double-ring Meta-material Split-ring Meta-material
Optoelectronics Research Centre, University of Southampton
“Optical Ferromagnetism and Diamagnetism”
in meta-materials


















Papasimakis, Fedotov, Zheludev et.al. arXiv.org, 0809.2361 (2008)
Optoelectronics Research Centre, University of Southampton
Coherent meta-materials: optical spectra 
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“Classical” analogue of laser: the Lasing Spaser
(a coherent source of optical radiation fuelled by plasmons)
O p
t i c
















































Zheludev, Papasimakis, Prosvirnin, Fedotov
Zheludev, Papasimakis, Prosvirnin, F dotov NATURE PHOTONICS.  2, 351 (2008)
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Meta-Materials as a Modelling Platform
Anapole Moments
http://arxiv.org/abs/0810.3539v1
Optoelectronics Research Centre, University of Southampton
Symmetry Breaking Weak Interactions  in Atoms
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Naturally Occurring And Artificial Toroids
Conwell et al. PNAS 100 (2003)
DNA condensates bacteriophages
Hingorani et al. Curr. Bio. 8 (1998)
Loftsson et al. 
J. Pharm. Sci. 85 (1996)
proteins
cyclodextrins
Kovall et al. Science 277 (1997)
RF inductors
Liu et al. IEEE Trans. Microw. 
Theory Tech. 52 (2004)
fullerenes
Ceulemans et al. 
Phys. Rev. Lett. 80 (1998)
Optoelectronics Research Centre, University of Southampton
Intriguing Properties Of Toroids
Non-radiating configurations as 
sources of E/M potentials
E,H=0 A=0




Afanasiev J. Phys. D 34 (2001)
p
T
Parity violating particle interactions (anapole moment)
Wood et al. Science 21 (1997)Hasty et al. Science 290 (2000) Flambaum Atom. Phys. 16 (1998)
Anapole in Cs nucleiAnapole moment of proton
Asymmetric scattering of 
polarized electrons on protons Spectroscopy of spin-polarized atomic beam
Optoelectronics Research Centre, University of Southampton
Intriguing Properties Of Toroids
Negative refractive 
toroidal metamaterial
Marinov, Boardman, Fedotov & Zheludev
New J. Phys. 9 (2007)
Non-radiating configurations
in presence of dielectric media
Boardman, Marinov, Fedotov & Zheludev Phys. Rev. E 72 (2005)
Aromagnetism in anthracene
Fedotov, Marinov, Boardman & Zheludev New J. Phys. 9 (2007)
Optoelectronics Research Centre, University of Southampton
Chiral Toroidal Metamaterial 
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Dichroism Resonances in Toroids
experiment simulations
Pappasimakis, Fedotov Zh ludev (2006/8)
Optoelectronics Research Centre, University of Southampton
















p-m coupling p-Q & p-m coupling p-m coupling
toroidal
dipole, T
& Q (tensor, not shown)
Optoelectronics Research Centre, University of Southampton
Meta-Materials as a Modelling Platform
Chirality and Negative Index
Optoelectronics Research Centre, University of Southampton


























- Tretyakov et al., J. EM 
Waves Appl. 
17, 695 (2003)
- Pendry, Science 306, 
1353 (2004)
- Tretyakov, Photonics 
Nanostruct. 3, 
107 (2005)
- Jin and He, OE 13, 4974 
(2005)
- Monzon and Forester, PRL 
95, 
123904 (2005)
- Agranovich et al., PR B 73, 
045114 (2006)













n < 0 
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First Observation on Negative refraction
in chiral meta-materials (2006)
In the proximity of resonance the group velocity for right circular 
polarization in the sinistral structure has opposite sign to the phase 
velocity. In accordance with Ref. [Pendry] this is a signature, or 
the necessary condition of negative refraction in chiral media.
A bilayered quasiplanar metallic microstructure, comprising an ensemble 
of fully metallic ‘‘molecules’’ with inductive coupling between two parts of 
the molecule, is predicted to show strong optical rotatory power.
Oscillating electric currents in the stripes… are mutually dependant. Such 
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Is Molecular Chirality Needed for Circular 
Birefringence & Dichroism (Optical activity)?
In randomly oriented ensembles of molecules 
molecular chirality IS needed for optical activity 
In ordered structures (crystal, meta-material) 
optical activity will be seen along a “screw 
direction” of light propagation
• unit cell - no inversion centre
• no reflection symmetry in the plane 
perpendicular to the wave propagation 
direction
• no inversion or mirror rotation along the wave 
propagation direction
• no reflection symmetry for any plane containing 








symmetry of the 
medium)



















• unit cell - no inversion 
centre
• no reflection symmetry 
in the plane perpendicular 
to the propagation 
direction (oblique 
incidence)
• no inversion or mirror 
rotation axis along k 
(oblique incidence)
• no reflection symmetry 
for any plane containing 
the
• propagation direction 
(ring split is not 
perpendicular to the 
incidence plane)
Optoelectronics Research Centre, University of Southampton
“Nagative” asymmetrically split-ring 
metamaterial
• exceptionally strong optical 
activity
• exceptionally strong circular 
dichroism
• possibly negative refraction
Optoelectronics Research Centre, University of Southampton
Circular Dichroism due to Extrinsic 
Chirality
• Circular Dichroism
• Linear Anisotropy, 
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Tuneability of Optical Activity
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• No effect at normal 
incidence
• Large rotary power and 
narrow resonance for small 
angles of incidence
• Weaker rotary power and 
broader resonance for larger 
angles of incidence


































A New Way to Negative Index ?
• Negative group velocity for one circular polarization near band 
with circular eigenstates
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The Mechanism of Optical Activity
• Optical activity arises from 
simultaneous scattering 
contributions from electric and 
magnetic dipoles
• At normal incidence the 
magnetic dipole cannot 
contribute to the scattered field
• For opposite angles of incidence 
the magnetic dipole 
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Meta-Materials as a Modelling Platform
The Meissner effect
Optoelectronics Research Centre, University of Southampton
Superconductivity and the Meissner effect 
Magnetic field is expelled from a superconductor
(Perfect diamagnetism, χ = −1) 
There is no optical Meissner effect
hν ≤ kTc , ν < 1.6 THz (Tc = 80K)
Optoelectronics Research Centre, University of Southampton
































































Schwanecke, Fedotov, Zheludev   (2007)
Optoelectronics Research Centre, University of Southampton
MAGNETIC MIRROR, 
Dipole Emitter & Quantum Levitation
Magnetic 
mirror





For relevant publications see: 
http://www.nanophotonics.org.uk/niz/publications/




http://arxiv.org/abs/0807.0523 (PRL, in press)
http://arxiv.org/abs/0806.0823 (PRB, in press)
http://arxiv.org/abs/0801.1485 (PRL, in press)
